INTRODUCTION
Atraumatic Restorative Treatment (ART) involves the removal of carious tooth structure using hand instruments such as spoon excavators, followed by restoring the cavity with a glass ionomer material. Recently, a new concept in caries removal technique was introduced 1) , using conservative or ultraconservative removal of carious tissue, typically involving complete removal of the carious tissue along the cavity walls but with limited removal from the pulpal floor and axial wall. A systematic review of the literature found four studies comparing complete and minimal (ultraconservative) caries removal 2) demonstrating that partial caries removal is painless. By using ART, the risk of pulp exposure is reduced, thus allowing time for the cells of the pulp-dentin complex to lay down reparative dentin. However, this approach requires a material with good sealing ability.
Glass ionomer cement (GIC) was invented by Wilson in 1969 and has been used in ART for almost 30 years due to its desirable properties of adhering to tooth structure via chemical bonding and anticariogenic activity. Currently, GIC is the only material that is self-adhesive to tooth structure. Chemical bonding occurs through the formation of ionic bonds between the carboxyl groups of the polyalkenoic acid and calcium in hydroxyapatite (HA) at the exposed tooth surface. Once the material has matured, mechanical failure will be cohesive in nature within the GIC (the weaker material), leaving behind the ion-enriched layer bonded to the dentin and enamel at the restoration-tooth interface. The extraction of noncollagenous dentin matrix proteins, glycosaminoglycans, and other bioactive molecules are likely upon exposure of dentin to GIC, which typically is acidic. A number of bioactive molecules and growth factors such as dentin sialoprotein (DSP), dentin phosphoprotein (DPP), dentin matrix protein-1 (DMP-1), transforming growth factor-β (TGF-β) superfamily, insulin-like growth factor-1 and 2 (IGF-1 and -2), fibroblast growth factor-2 (FGF-2), and various angiogenic growth factors 3) have been identified in dentin and pre-dentin 4) . These bioactive molecules become sequestered within the mineralized dentin matrix during tooth development. They are essentially entrapped and remain in their bioactive state until the matrix is degraded by acid produced during carious or other injurious episodes. Once released, these molecules can then diffuse to cells of the pulp and participate in dentin regeneration. The ability of GIC to extract these potentially bioactive molecules from dentin could stimulate the repair process of the pulp-dentin complex. While this effect of GIC suggests it has the potential to stimulate dentin regeneration, it still suffers from the disadvantages of being brittle and lacking toughness. However, results on the biocompatibility of GIC are inconclusive 5) with one recent study clearly indicating a cytotoxic effect of GIC 6) . Researchers have found promising results in the use of HA in restorative dentistry. Because of its biocompatibility and similar hardness to natural teeth, some investigators have added HA to GIC and reported improvement the physical properties of GIC, such as compressive strength, working and setting time, fracture toughness, long term bonding to dentin, and an unchanged ability of sustained fluoride release 7) . A study reported that magnesium ion (Mg 2+ ) released from functional grade magnesium carbonate apatite demonstrated increased osteoblast adhesion to the surface of biomaterials 8) . Current evidence indicates that ionic dissolution products from inorganic materials are key players in the observed behavior of the materials in the context of tissue engineering applications 9) . Calcium (Ca) and phosphate (PO4) are the main components of biological apatites and these ions play an essential role in bone regeneration. Mg 2+ is also essential to bone metabolism and it has been shown to stimulate new bone formation 10) . Mg 2+ is suggested to interact with osteoblast cell integrins, which are responsible for cell adhesion and stability 8) . As awareness grows of the abilities of biomaterials for pulp-dentin regeneration, adding magnesium carbonate apatite (MgCO 3Ap) to GIC may overcome its current disadvantages and enhance its clinical usage especially in deep cavities. The purposes of this study were to synthesize and characterize MgCO 3Ap and investigate in vitro effects of GIC containing 2.5% MgCO3Ap on human dental pulp cells.
MATERIALS AND METHODS

Synthesis of MgCO3Ap
MgCO3Ap was synthesized at 60±1°C and at pH 7.4±0.2 with a gradient magnesium supply system using an apatite apparatus as described by Yamazaki 8) . Solution A was a mixture of a 0.5 L of 0.2 M Ca(CH3COO)2· H2O and a 0.5 L of 0.01 M Mg(CH3COO)2· 4H 2 O while solution B was a mixture of a 0.5 L of 0.12 M NH4H2PO4 and a 0.5 L of 0.06 M (NH4)2CO3. These solutions were combined with a 1 L of 1.3 M CH3COONH4 for 3 h and then kept at room temperature for one day. Precipitated MgCO3Ap was isolated by filtration, washed with distilled water, and dried at 60°C for 24 h.
Scanning electron microscope observation and chemical analysis
The test powder was prepared by adding the synthetic MgCO 3Ap (2.5% by weight) to Fuji IX GP ® (GC, Tokyo, Japan) powder. Fuji IX GP ® served as a control. All cement specimens were encapsulated with Fuji IX-liquid (P/L=3.6 : 1) and mixed with an amalgamator (Ultramat2, SDI Ltd., Melbourne, Victoria, Australia) for 10 s. The MgCO 3Ap, control, and test powders were dried and gold coated, and the particle size and morphology of the respective powders were observed under a scanning electron microscope (SEM) (JSM5300, JEOL Co. Ltd., Tokyo, Japan).
The absorption bands of the MgCO 3Ap powder and test cement were assayed by Fourier-transformed infrared spectroscopy (FT-IR) (FT-IR 8400S, Shimadzu Co. Ltd., Kyoto, Japan) using a diffuse reflectance method using a powder sample containing apatite (sample : KBr=1 mg : 100 mg) at 100 scans and recorded in a range of 4000-400 cm −1 . The MgCO3Ap powder and test cement specimens (1 mm thickness) were analyzed quantitatively for their chemical composition using X-ray photoelectron spectroscopy (XPS) (AXIS-HS, Kratos, Manchester, UK) under 10 −7 Pa. 
Culture of human dental pulp cells
Proliferation assay
Eluates from control and test cements were collected for the proliferation assay. Briefly, cements (n=3/group) were mixed and packed into cylindrical molds (4 mm diameter and 6 mm height), covered with glass slides for 10 min. The cement was then removed, placed into vials and put into a 37°C humidified incubator for 24 h. One mL of culture medium was added to the vials with set cements and eluates were collected at days 1, 7 and 14. Pulp cells were seeded in 96-well plates (1×10 4 cells/ well) with 200 μL culture medium and maintained in the incubator. After 24 h, the culture medium was replaced with 200 μL of eluate from each cement in triplicate, except in the negative control wells where it was replaced with normal culture medium. After 24 h of incubation, 20 μL of WST-1 reagent (Roche Applied Science, Mannheim, Germany) was added into each well, incubated for 2 h and the absorbance was measured against the background (blank) using a microplate reader (Bio-Rad Model 680, Lifescience Research, Tokyo, Japan) at 420-480 nm.
Alkaline phosphatase activity assay Pulp cells were seeded in 24-well plates (1×10 5 cells/well) with 1.4 mL standard medium. After 24 h, transwells (Costar ® , Corning Inc., MA, USA) were placed into each well. Test and control cements were placed into each transwell in triplicate while wells with no cements served as negative control. Culture medium was changed every 2 days. Cells were harvested at 1, 4, 7, 14, and 21 days. The cell layer was washed twice with PBS, and the cells were then homogenized in 1 mL 0.9% NaCl and 0.2% Triton-X-100 (Wako, Osaka, Japan) at 4°C and centrifuged at 12,000 g for 15 min. The ALPase activity in the supernatant was measured using p-nitrophenyl phosphate (pNPP) as a substrate. The supernatant was incubated at room temperature for 30 min in a 0.5 M Tris/HCL buffer (pH 9.0) containing 0.5 mM pNPP and 0.5 mM MgCl 2 and assayed at 410 nm using a microplate reader. 
Statistical analysis
Statistical analyses for both proliferation assay and ALPase activity were determined by Kruskal-Wallis test with Dunn's post test and the significance was set at p=0.05.
RESULTS
SEM observations and chemical analysis
SEM images revealed that MgCO3Ap powder synthesized by wet method had a broccoli-like structure composed of aggregated globules ranging in size from 20-100 μm (Figs. 1a, 1b) , while Fuji IX GP ® powder was seen as irregularly shaped particles ranging in size from 1-20 μm (Figs. 1c, 1d) .
Data from the FT-IR analysis of the MgCO 3Ap powder (Fig. 2) 
Proliferation assay
As seen in Fig. 4 , at day 1 and day 7, the test cement significantly promoted higher proliferation of pulp cells compared to the control cement and negative control (p<0.05). At day 14, the control cement showed a slightly higher proliferative effect compared to the test cement but this was not statistically significant. These results indicated the ability of the test cement to induce pulp cell proliferation over the culture period observed.
Alkaline phosphatase activity assay
As seen in Fig. 5 , at day 7, the negative control and test cement group induced the higher APLase activity than the control cement but was not significantly different. The highest ALPase activity in every group over the test period was found at day 14. At day 14 and day 21, the test cement induced significantly higher ALPase activity than the control (p<0.05). Even it was not significantly different, the control cement induced a lower APLase activity than the negative control from day 7 until day 21. These results indicated addition of MgCO 3Ap to GIC overcame the inhibition of ALPase activity observed with GIC alone in vitro by day 7 which may support the pulp dentin regeneration.
DISCUSSION
The MgCO3Ap in the present study was synthesized by the same method used in a previous study 11) and the SEM images demonstrated a similar morphology (broccoli-like) to carbonate apatite (CO 3Ap). Studies have shown the level of CO3 in apatite to be important for bone formation. The concentration of 4.8 wt% CO3 appeared to have a similar crystallinity and chemical composition to human bone and had the highest bone formation ability 12) . The apatite synthesized in this study showed similar chemical composition to human enamel and dentin (Table 2) which may be an advantage in adhesion and biocompatibility to tooth structure. The substitution of CO 3 in the apatite lattice can occur in two ways: type A and type B. For type A substitution, CO3-for-OH, occurs by a solid-state reaction at 1000°C 13) . In type B substitution, CO 3 -for-PO4, occurs by precipitation. The incorporation of CO3 by the precipitation method in the apatite lattice in the present study was confirmed by FT-IR analysis. CO3 incorporation was shown by the absorption bands at 1413 and 1455 cm −1 (v3C-O) which are assigned to surface carbonate ions (CO3 2− ) and depend on competition between PO4 and CO3 while absorption at 873 cm −1 (v2C-O) is considered to occur competitively between hydroxyl and CO3.
Magnesium (Mg) and CO3 in synthetic apatite are two minor, but important, elements contained in biological apatite 14) . The incorporation of CO3 into apatite as a consequence of the CO3-for-PO4 substitution causes a reduction in crystal size and change in crystal shape, a decrease in apatite content, and an increase in solubility. The combination of incorporating Mg and CO 3 into apatite would increase the extent of dissolution and may enhance the biological response 14) . A study of the effect of CO3 on bone formation suggested that CO3Ap-collagen scaffolds with CO3 content similar to that of human bone would have an optimal bone forming ability 12) . This was confirmed by an in vivo study 8) , which also reported that divalent ions affected cell adhesion by interacting with integrins at the cell surface. Integrins are important receptor proteins, which participate in cells binding, and responding to, the extracellular matrix. It has been reported that Mg 2+ promotes cell adhesion 15) and is an important factor in controlling in vivo bone metabolism, playing a part in both bone formation and resorption 16) . Calcium ion (Ca 2+ ) is known to be able to regulate cell function, which may play a key role for pulp cells to differentiate to mineralized tissue forming cells 17) . In our study we added Mg to CO3Ap using a gradient magnesium supply system and the quantity of each element was examined by XPS, finding CO 3, Mg and Ca. We performed an ion release study using Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (OPTIMA 7300, PerkinElmer, Shelton, CN, USA) (data not shown). It was shown that Mg 2+ and Ca 2+ release from GIC containing 2.5% MgCO3Ap were within the optimal level to facilitate and enhance cell proliferation and cytodifferentiation. These ions may play an important role in the behavior we observed of human pulp cells in vitro in this study.
Cell growth and differentiation are known to depend on initial attachment 18) . Mg 2+ released from GIC containing 2.5% MgCO3Ap could promote pulp cell adhesion, which is critical to the healing process and to cell proliferation. Active proliferation also relates to the synthesis of extracellular matrix (ECM). The accumulation and maturation of ECM will finally contribute to the shutdown of cell proliferation 19) . Our data demonstrated the higher cell proliferation since day 1 and decreased at day 7 and day 14 in test group while showed the delay proliferation activity to day 14 in control group. This might be from the suboptimal Mg 2+ level released from control cement in the culture system. Mg 2+ found to play an indirect role in influencing mineral metabolism, for example through activation of ALPase 20) . This may also be an explanation of the higher ALPase activity in the test cements compared to the control cements through the culture period which need to be confirmed in the future study.
ALPase activity is a releative marker for osteoblastic differentiation. The sequence of differentiation starts with active cell proliferation, expression of osteoblastic markers, synthesis, deposition and maturation of the ECM and matrix mineralization 21) . After the decreased proliferation, the differentiation of the cells will be detected. As reported in our study, we found the test cements demonstrated a very high ALPase activity at day 14 after the decreased proliferation from day 1. This highest ALPase activity suggested the shifting to more differentiate stage of odontoblast prior to the onset of matrix mineralization 22) . Ca 2+ also plays an important role in hard tissue formation. It is well known that increasing of Ca 2+ concentration in the ECM enhances ALPase activity of odontoblasts 23) . Since we detected a very high continuing Ca 2+ release in the test than the control cement until day 14 (32.7 and 12.0 ppm respectively, data from another study). This might be an explanation on the higher ALPase activity of the test cement which may need to be confirmed in the future study.
Because of its potential to enhance the wound healing process and promote the cytodifferentiation of human pulp cells in vitro compared to conventional GIC, this novel GIC containing 2.5% MgCO 3Ap might be a better choice for dentists, especially when dealing with very deep cavities. This may increase the number of cavities able to be treated and enhance the quality of life of the population worldwide.
CONCLUSION
We successfully synthesized MgCO3Ap and incorporated this apatite at a concentration 2.5% by weight into GIC. We found this novel cement able to induce increased cell proliferation and cytodifferentiation of human pulp cells in vitro compared to conventional GIC. Our findings indicate the potential of this material in pulp healing and pulp-dentin regeneration. Further studies are in progress investigating its in vivo effects to confirm the use of GIC containing MgCO 3Ap for pulp-dentin regeneration.
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